Abstract-We report on the use of atom probe tomography (APT), scanning transmission electron microscopy (STEM), and secondary ion mass spectroscopy (SIMS) to characterize doping profiles in the base region of SiGe HBT devices. We compare SIMS profiles obtained from large regions (400 um 2 ) of the device wafer to profiles obtained from individual devices of different emitter window widths (0.25 and 0.18 um) using APT. From this comparison we show how APT can provide a deeper insight into evaluating the fabrication process and its effects on electrical models of device performance and enabling the building of higher performance systems. We also demonstrate that APT can be used to characterize defects within the intrinsic regions of a device.
I. INTRODUCTION
Silicon germanium (SiGe) heterostructure bipolar transistors (HBTs) are one of the crucial technologies in fifth generation (5G) network and other RF technologies [1] [2] . By leveraging volume silicon manufacturing and high speed mixed signal performance, wireless communications at significantly reduced cost are enabled.
SiGe HBT device electrical models are typically based on SIMS dopant profiles measured on large pads ranging from 20x20 um to 100x100 um. These large pads may not be reflective of the actual dopant profiles inside the device. For example, the epitxial process to deposit the SiGe may display macro-and micro-loading effects that one different scale display different doping profiles [3] . Furthermore, the small features typically utilized in SiGe HBTs to maximize frequency performance may induce defects or sidewall faceting that locally alter the doping concentration [4] . Therefore, to improve our device modeling and critical understanding of these devices and systems, techniques for dopant characterization with high spatial resolution in more than one dimension are needed, and an understanding how to correlate the varying results to each other and device performance desired. Furthermore, different measurement methods suffer from different shortcomings, so in comparing and correlating more than one measurement method artifacts can be isolated and removed.
In this work we examine dopant profiles in a SiGe HBT process using secondary ion mass spectroscopy (SIMS) and atom probe tomography (APT) [5] . SIMS profiles result from large, minimally structured areas and represent a rapid method for characterizing dopant profiles. However, whether SIMS accurately reflects the dopant profile in the microscopy, structured intrinsic regions of a SiGe HBT is an unanswered question. To that end we compare the SIMS profiles to APT measurements taken on SiGe HBTs from the same wafers and compare the dopant profiles.
II. METHOD
All SiGe films and transistors were fabricated at Northrop Grumman's Advanced Technology Laboratory clean room facilities in Linthicum, Maryland. All measurements discussed herein are derived from the same wafer, following completion of both front-and back-end of line (FEOL/BEOL) processing. This process comprises an in-situ arsenic-doped polysilicon emitter; a base epitaxial stack with a trapezoidal shape Ge profile with in-situ carbon and boron doping; and an arsenic subcollector formed by ion implantation prior to base epitaxy.
Three measurement methods were utilized to map or profile doping concentrations in the SiGe films and devices of interest: SIMS, STEM-EDS, and APT. SIMS was performed on large, open features, typically 100 um x 100 um or larger. STEM lamella and APT needles for device analysis were created using standard focused ion beam techniques on a dual-beam FEI Nova 200 tool. Samples were prepared from devices of two different emitter window widths: 250 nm and 180 nm. Lamellas were analyzed using high-resolution annular dark field (ADF) STEM on a NION UltraSTEM 100 while EDS maps were obtained on a FEI Talos. APT evaporation and measurement was performed using a Cameca Instruments LEAP 4000X HR. Samples were analyzed in laser mode using a 10 ps pulse, 200 kHz frequency, 30 pJ laser power, 0.4% detection rate, and 30 K base temperature. Figure 1a shows an example TEM cross section with overlaid EDS map, with the intrinsic region of the SiGe HBT marked with dashed lines. For this work only the intrinsic portion of the SiGe HBT is analyzed and discussed. Figure 1b shows an APT needle created from a similar SiGe HBT on the same wafer. While the Ge concentration profile is well resolved in the EDS map, no boron profile was detected during EDS due to the measurement's relatively low sensitivity (~1 % at).
III. DOPANT PROFILE COMPARISONS & ANALYSIS

A. Profile results
A SIMS profile of a large, unstructured pad area is shown in Figure 2 . This particular SIMS measurement did not include arsenic, thus it lacks the appearance of the polyemitter doping. However, one does observe the typical high surface oxygen and carbon concentrations often encountered in SIMS analysis. The high surface carbon concentration in this case, for example, masks the in situ carbon doping in the base region. The germanium profile displays a broad peak with a maximum atomic concentration of 10% around the 410 nm depth, and the boron profile appears noisy with a peak of 1 × 10 19 cm -3 around 400 nm.
APT results for the 250 nm SiGe HBT needle in Figure 1b are shown in Figure 3 , including (a) the three-dimensional atom probe reconstruction and (b) the resulting integrated onedimension doping profile of the base region. In contrast to the SIMS profiles, the germanium profile peaks at 16% at., as opposed to 10% at.; the carbon profile is flat at 5 × 10 19 cm -3 ; and the boron profile peaks at 5 × 10 19 cm -3 . Similar results are obtained for the 180 nm SiGe HBT device which shows a Ge peak at 18% at. and a boron peak at 5 × 10 19 cm -3 . It is observed that there is significantly more oxygen and carbon in the base region which is believed to be due to a defect in this region of the device which created a large breach of contaminants into the base. This defect is evidenced by a region of high oxygen and carbon concentration located on the side of the 3-D reconstructed volume of the APT needle extending from the emitter interface down into the base.
B. Analysis & Discussion
Differences in the concentration profiles obtained by SIMS and APT are apparent. These disparities between the two sets of profiles stem from the inherent differences between the two measurement techniques. APT uses an electric field and pulsed laser to effect single atom evaporation events. The evaporated atoms are then collected by a position-sensitive, time-of-flight detector, simultaneously providing mass-to-charge and position information. SIMS, on the other hand, uses an ion beam to sputter material from the sample's surface which is then analyzed. The process of sputtering naturally causes knock-on of the chemical species artificially elongating compositional tails. This is most prominently seen in the carbon peak which begins to increase around 345 nm -near the emitter-base interface -and extends well into the collector region. A similar high concentration carbon peak is observed in the APT data, but is not artificially elongated allowing for more accurate quantification in the base region. Furthermore, rather than displaying a Gaussian profile, the germanium doping profile is nearly the intended, asymmetric trapezoidal shape. This trapezoidal concentration profile of the Ge in the base region is further confirmed by the contrast observed in EDS and HAADF-STEM imaging giving more confidence to the accuracy of the APT data.
Therefore, when looking at the shape of the boron distribution in both the 250 nm and 180 nm devices, it must be concluded that these are real and not artefacts of the measurement technique. While the boron profile was expected to have a more Gaussian distribution, the APT profiles show a highly asymmetric profile with long tails extending just past the base-collector interface. This asymmetric distribution is understood when the carbon profile is also taken into account. Studies have demonstrated the ability of carbon in concentrations on the order of 10 19 -10 20 cm -3 to dramatically slow the diffusion of boron in Si and SiGe and likely arrested the diffusion of boron toward the emitter in these devices [6] [7] [8] [9] . Looking at Figure 3b , it is seen that the peak of the carbon lies just to the left of the peak of the boron profile. This misalignment of the initial carbon and boron concentrations allowed boron to diffuse much more quickly toward the collector while being arrested in the opposite direction during the high thermal process seen during device fabrication.
Our results also demonstrate the abilities of APT for understanding and characterizing defects in the device. Looking at the concentration profiles and 3-D atom reconstructions of the 180 nm device, several interesting features are observed. First, and most prominent, is the region of high carbon and oxygen content extending from the emitter-base interface into the base region. The oxygen and carbon are also accompanied by a higher concentration of germanium extending upwards toward the base. The angle of the 2% at. iso-concentration surface (seen in red in Figure 4 ) suggests that germanium may be segregating along some crystalline plane or defect. A similar angular feature is observed in the germanium iso-concentration nearest the emitter indicating that this defect may extend through the entire base region. Furthermore, a close look at the boron distribution in this defect region shows a tendency for the boron to segregate away from the defect. Summed profiles (Figure 5b ) obtained in the defective region and away from the defective region shown in Figure 5a suggest a shift in the boron distribution peak away from the emitter interface. While it is difficult to characterize the nature of this defect from the APT data, crystalline defects extending from the collector through the base and into the emitter region were observed in HAADF-STEM and are good possible candidates for the defect observed in APT. Figure 6 shows one such defect and is seen as an angled band of material with an abrupt change in the crystalline structure.
IV. CONCLUSIONS
The development of advanced electronic devices like SiGe HBTs will rely heavily on the ability to accurately characterize and quantify doping concentrations and profiles on the individual device level. In this study, we have demonstrated how APT provides nanoscale compositional analysis not possible with standard techniques such as SIMS. By comparing SIMS profiles to APT profiles obtained from actual devices, due to the lack of knock-on damage, we show how APT generates profiles that are more spatially accurate. This ability to accurately quantify doping profiles in individual devices provides novel insights into both the processing of the device and the impact of defects on local doping concentrations.
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